The aim of this paper is to estimate the uniaxial compressive strength (UCS) of rocks with different characteristics by using genetic expression programming (GEP). For this purpose, five different types of rocks including basalt and ignimbrite (black, yellow, gray, brown) were prepared. Values of unit weight, water absorption by weight, effective porosity and UCS of rocks were determined experimentally. By using these experimental data, five different GEP models were developed for estimating the values of UCS for different rock types. Good agreement between experimental data and predicted results is obtained.
Introduction
The determination of basic mechanical properties of rocks is crucial to a specific engineering project. Several mechanical properties, including uniaxial compressive strength (UCS), have become widely accepted parameters for rock design projects (Baskerville, 1987) .
From past to present, direct and indirect methods have been used to determine UCS of rocks in field and laboratory. UCS of rocks can be directly measured in the laboratory. Several methods, such as point load strength index test, block punch strength index test, Schmidt hammer test, are used for indirect determination of UCS. All of these techniques are performed with using great many core samples and expensive laboratory devices. Lots of time and money are spent during these processes.
To develop a more simple and cheaper method for determination of UCS of rocks, genetic expression programming (GEP), which is widely used in various areas of civil and environmental engineering (Kayadelen et al., 2009; Unsal et al., 2010; Baylar et al., 2011a Baylar et al., , 2011b Unsal, 2011) , is adopted. By using GEP, the mathematical models are established for the estimation of UCS of the rocks that have similar properties. Through comparison with experimental data, GEP models are verified to be useful and can successfully predict the UCS of rocks.
Petrographic, geochemical and physico-mechanical properties of rocks
In this study, ignimbrite of Erciyes volcanic outcrops and Yavuzeli basalt were sampled in Ankara, Turkey (Fig. 1) . The rocks are divided into five groups according to their macroscopic and physical properties, for example, color, amount of rock pieces, glass, pumice fragments, hardness and density. The Upper Miocene ignimbrite of Erciyes outcrops is described as brown, black, yellow and gray; and the Yavuzeli basalt is mainly of Middle Upper Miocene (Table 1) . Some petrographic, geochemical and physico-mechanical properties of five different types of rocks were examined.
Petrographic properties of rocks
Basically, the pyroclastic rocks consist of minerals such as plagioclase, clinopyroxene, amphibole, hornblende, and rock fragments in matrix. Black ignimbrite has hyalo-microlitic porphyritic texture, and plagioclase is the dominant mineral. The second dominant mineral, hornblende, and small amount of opaque minerals with trace amounts of augite are found in rocks. Hyalo-porphyritic textured yellow ignimbrite is composed of plagioclase and small amount of pyroxene and opaque minerals. Gray ignimbrite shows hyalo-porphyritic texture. Plagioclase is the dominant mineral, and a small amount of pyroxene, amphibole and opaque minerals are observed in this ignimbrite. Hyalo-microlitic porphyritic and vacuolar textured brown ignimbrite contains approximately 70% of the mineral plagioclase. Small amount of amphibolites and opaque minerals is observed. The basalt shows different textures including intersertal-glomeroporphyritic-vacuolar. Dominant mineral is plagioclase, and the secondary one is olivine in this rock. In addition, clinopyroxene and opaque minerals are rarely observed.
Geochemical properties of rocks
Major and trace element geochemical analysis of ignimbrite and basalt was conducted. Chemical compositions of ignimbrite and basalt are listed in Table 2 . Accordingly, it can be observed from Table 2 that SiO 2 content of four ignimbrite rocks varies from 63.66% to 70.56%, and that of basalt is 48.69%. Low SiO 2 content, high TiO 2 , Fe 2 O 3 , MgO and CaO are characterized for the basalt.
Physico-mechanical properties of rocks
An extensive field study was conducted to select the blocks to be used in the standard core preparation in the laboratory. The laboratory tests were performed on NX size core samples.
The unit weight, water absorption by weight, effective porosity and UCS were determined by tests on 20 core samples of 5 different rock types according to the ISRM suggested standard (ISRM, 1981) . The test results are listed in Table 3 . It can be seen from Table 3 that, for the ignimbrite, the highest average dry unit weight of 19.08 kN/m 3 is observed in the yellow ignimbrite, and the lowest value of 15.5 kN/m 3 in the gray ignimbrite. The average dry unit weight of basalt is 23.2 kN/m 3 . For the ignimbrite, the lowest average water absorption by weight of 10.37% is observed in the yellow ignimbrite, and the highest value of 20.17% in the black ignimbrite. The average water absorption by weight of basalt is 2.58%.
Porosity is a significant physical feature of rocks due to water absorption that causes decrease in the strength. The basalt of the (Teodorescu and Sherwood, 2008) . study area can be described as "highly porous" and ignimbrite as "extremely porous" according to the classification by Anon (1979) . The average UCS of basalt is determined as 26.65 MPa. For the ignimbrite, the lowest UCS is observed in the black ignimbrite as 22.39 MPa, and the highest value in the brown ignimbrite as 27.69 MPa. Yellow and brown ignimbrite and basalt have a "poor strength", and black and gray ignimbrite have a "very poor strength" according to the classification by Deere and Miller (1966) .
GEP description and calculation results for different rocks
GEP was developed by Ferreira (2001) using fundamental principles of the genetic algorithm (GA) and genetic programming (GP). The methodology of GEP for evaluation of any knowledge is like that of the biological evaluation. The problems are encoded in linear chromosomes of fixed-length as a computer program. In other words, a mathematical function is described as a chromosome with multi-gene and developed using the data presented to it. GEP performs the symbolic regression using most of the genetic operators of GA. However, there are some differences between GEP and GA. Any mathematical expression defined as symbolic strings of fixedlength (chromosomes) in GA is represented as nonlinear entities of different sizes and shapes (parse trees). But in GEP, it is encoded as simple strings of fixed-length, which are subsequently described as expression trees of different sizes and shapes (Muñoz, 2005; Cevik et al., 2010) . GEP algorithm begins by selecting the five elements, such as function set, terminal set, fitness function, control parameters and stop condition.
The basic GEP algorithm (Teodorescu and Sherwood, 2008 ) is shown in Fig. 2 . This algorithm randomly makes up initial chromosome which represents a mathematical function and then converts it into an expression tree (ET), as illustrated in Fig. 3 . There is a comparison between predicted and measured values of UCS in subsequent steps. If the desired results in accordance with error criteria initially selected are found, the GEP process is terminated. If the desired error criteria could not be found, some chromosomes are chosen by method called roulette-wheel sampling, and they are mutated to obtain new chromosomes. After the desired fitness score is found, this process terminates and then the knowledge coded in genes in chromosomes is decoded for the best solution of the problem (Teodorescu and Sherwood, 2008) . This study aims at generating the models for the prediction of UCS of different rock types. Five GEP models (models I-V) are generated for basalt, gray, brown, yellow and black ignimbrite, respectively. Effective porosity (n), water absorption by weight (w A ), unit weight ( ) and UCS measured by tests are for input parameters and UCS predicted ( c ) for output parameter. Five mathematical functions are generated in the form of y = s(n,w A , ). The model equations obtained for models I-V are given below:
(1) Model I (basalt)
(2) Model II (gray ignimbrite)
(4) Model IV (yellow ignimbrite)
The predicted results from models I-V are compared with experimental results, as shown in Fig. 4 . High correlations are found in all models. It is accepted that the value of determination coefficient R 2 of any model is not sufficient for the statistical 
Discussion
During the GEP model formation, five different rock types were used. The physico-mechanical parameters of these rock samples, such as unit weight, water absorption by weight, effective porosity and UCS measured by tests, were used as inputs to the program. GEP models were developed according to laboratory data. The values of determination coefficient and error analysis results are presented in Table 4 .
All rock samples used were obtained in the same region. The GEP in this study is prepared for the estimation of UCS of them. Applicability of the models to the different rocks (in different depth, origin, and hardness, etc.) requires the new mathematical assumptions.
The GEP models of this study are prepared for estimation of UCS of dry rocks. However, water saturation of rocks will decrease the strength of rocks. If the UCS of the water saturated rocks measured by tests is used as an input to the program, additional mathematical model is required for water saturated UCS prediction.
Conclusions
Generally, ignimbrite has a heterogeneous structure containing a porous, glassy matrix with pyroxene, plagioclase, and rock fragments. The basalt shows different structures containing plagioclase, olivine clinopyroxene and opaque minerals. The SiO 2 content of rocks varies from 48.69% to 70.56%. All ignimbirite samples have a significantly higher SiO 2 content than basalt.
The physico-mechanical properties of ignimbrite and basalt, such as unit weight, water absorption by weight, effective porosity and UCS, were determined experimentally. Ignimbrite has been classified as extremely porous, whereas basalt is highly porous. Yellow and brown ignimbrite and basalt have been considered as poor strength, while black and gray ignimbrite as very poor strength.
This paper attempts to predict the UCS of different types of rocks. Five GEP models are generated for basalt (model I), gray (model II), brown (model III), yellow (model IV) and black (model V) ignimbrite. High correlations are found in all models. Moreover, MSE values for models I-V are calculated, which are 0. 495, 0.103, 4.842, 1.148 and 0.342, respectively. From all these results, GEP can be used successfully to predict rock properties, because of the high determination coefficients obtained as a result of this study.
